Introduction
The submicron-sized ferromagnets have attracted much attention in recent years for the potential application of the magnetic random access memory (MRAM) [1] . Especially, in the magnetic rings, the vortex state is the flux closure structure and avoids the stray field, which will provide a potential for the high density storage. However, while the onion state changes to the vortex state, the formation of the local vortex occurs to decrease the magnetic energy in the system. Since the local vortex state is metastable, its configuration will be affected by the lateral and the vertical magnetic interaction from the adjacent rings for both the ferromagnetic ring array and the magnetic/non-magnetic trilayer (F/N/F) structure. In the high density MRAM technology, these magnetic interactions will be significant for the magnetization reversal process. Thus, in this work, we have investigated the magnetic interaction in a submicron sized Fe monolayer ring array and a Fe/Au/Fe trilayer ring array. The magnetization reversal process has been measured by using the magneto-optical Kerr effect (MOKE) and the micromagnetic simulations have been carried out to understand the field evolution of the magnetization distribution [2].
Sample fabrication
Fe monolayer and Fe/Au/Fe trilayer ring arrays were fabricated on thermally oxidized Si substrates by electron beam lithography and lift-off techniques. Figure 1 shows the scanning electron microscopy (SEM) image of the monolayer ring array ( Fig. 1(a) ) and the trilayer ring array (Fig 1. (b) ). In the case of Fe monolayer ring array, the outer/inner diameter are d out /d in = 800/600 nm with different inter-ring distances between l x = 50 nm to 1 µm for x-direction while y-direction is fixed l y = 1 µm. The thickness of all samples is 80 nm. In the case of Fe/Au/Fe trilayer ring array, d out /d in is 800/200 nm and the thickness of the top and the bottom Fe layers are 20 nm and 50 nm respectively. The nonmagnetic Au spacer layer is 10 nm. An interlayer exchange coupling between the top and the bottom Fe layers becomes negligible for the Au spacer thicker than 10 nm [3] . Inter-ring distance for x-and y-direction was fixed l x = l y = 1 µm. For the comparison of the trilayer magnetic states, we also fabricated the monolayer Fe ring arrays of 20 nm and 50 nm thickness with the same size of the trilayer ring. The external magnetic field is applied along x-direction. The depth of the measured magnetization states by the MOKE technique was within ∼15nm, which is the penetration length of the light.
Inter-ring distance dependence of the magnetic interaction for Fe monolayer ring array
Magnetic field dependence of MOKE signals for d out /d in = 800/600 nm ring array were measured with various inter-ring distances from l x = 50 nm to 1 µm. Figure 2 (a) shows normalized Kerr rotation signals with l x =50, 200 and 700 nm. The arrows in Fig. 2 (a) indicate the transition field from the onion-to-vortex state, H OV , and the vortex-to-onion state, H VO . H OV and H VO are shifted toward the higher and lower |B|, respectively, with decreasing l x , which indicates that the onion state becomes more stable than the vortex state with smaller l x . From the experimental set of the transition field in the ring arrays investigated here, after l x > 700 nm, the transition field, H OV and H VO , are almost constant. According to the previous results of the submicron-sized dot array [4] , it is expected that the interaction between adjacent rings is negligibly small when the inter-ring distance becomes larger than the diameter of the 
(b)
ring. Since the diameter of the ring array is 800 nm, our results are consistent with those of the dot array. In the case of the y-direction, the magnetic interaction becomes negligibly small since the value of l y is designed to be 1 µm. From these analyses, it is expected for the small l x ring array (l x < 800 nm) that the magnetization curve also depends on the angle between the external magnetic field and the ring array direction. We measured the angular dependence of the transition field, H OV and H VO , for the ring array with l x = 100nm (Fig. 2(b) ). The magnetic field is tilted in the x-y plane respect to the x-direction. When the angle θ increases up to 90°, which corresponds to the magnetic field being parallel to the y-direction, H OV and H VO are shifted to the positive magnetic field and the larger |B| respectively. It indicates that the vortex state becomes more stable when the magnetic interaction of adjacent rings changes from xto y-direction. The variation of the transition field is well fitted with sin 2 (θ), suggesting that the measured ring array has a uniaxial magneto anisotropy. Figure 3 shows the normalized Kerr signals of the Fe/Au/Fe trilayer and the Fe monolayer rings. As increasing the magnetic field, in the 20 nm monolayer ring, the transition from the vortex to the onion states is observed around B = ±0.2 kOe. In the case of the 50 nm ring, the vortex state changes more slowly to the onion state compared to the 20 nm ring. Both magnetization of the monolayer rings are saturated at |B| = 2.0 kOe. However, in the case of the trilayer structure, the magnetization reversal process is drastically changed. As decreasing the magnetic field from B = +2.0 kOe, the magnitude of the Kerr signal becomes almost constant in the region of +1.0 kOe >B> +0.25 kOe. After the magnetic field across the zero point, the Kerr signal increases up to +0.15 then decreases monotonically for B < -0.6 kOe. Since the diameter of the trilayer ring is 800 nm and the inter-ring distance is 1 µm for both x-and y-direction, lateral magnetic interaction becomes negligibly small. Consequently, measured hysteresis loop is considered to be strongly affected by the top and the bottom Fe layers. Thus, the micromagnetic simulations were carried out to understand the detailed field evolution of the magnetization alignment in the Fe/Au/Fe trilayer ring. Figure 4 shows the magnetization distributions of the top and the bottom Fe rings at various external magnetic fields. At B = +0.86 kOe, the nucleation of the local vortices is observed at two edges of the bottom Fe ring. As a result, the parallel component of the magnetization in the top Fe ring above the bottom local vortices is more stabilized than that of the opposite side in the ring as shown in Fig. 4(a) . It corresponds to the constant MOKE signal in the range of +1.0 kOe>B>+0.2 kOe. After the transition from the onion to the vortex state, the chirality of each vortices become the opposite direction at B = 0 kOe (Fig. 4 (b) and (g)). As increasing the negative magnetic field, the local vortex nucleates in the bottom Fe layer (B = -0.5 kOe; Fig. 4(h) ) and annihilate to the ring edge (B = -1.1 kOe; Fig. 4(j) ). Through the annihilation process of the local vortex, the magnetization alignment of the opposite direction for B in the top Fe layer increases (B = -0.7 kOe; Fig. 4(d) ). It results in the increase of the MOKE signal in the range of -0.2 kOe >B> -0.8 kOe. These results indicate that the top and the bottom Fe layers are strongly coupled through the interlayer magnetic interaction and we can qualitatively explain the trilayer magnetization reversal process in terms of the micromagetic simulations.
Magnetization reversal process and inter-layer coupling of Fe/Au/Fe trilayer ring structure

Conclusion
We investigated the lateral and the vertical magnetic interaction in a Fe monolayer and a Fe/Au/Fe trilayer ring array. Lateral magnetic interaction of the Fe ring array becomes negligibly small when the inter-ring distance is comparable to the diameter of the ring. In Fe/Au/Fe trilayer ring array, the magnetization reversal process drastically changes compared to the case of monolayer Fe rings. From the micromagnetic simulations, we found that the interlayer magnetic interaction due to the formation of local vortices plays an important role for the magnetization reversal. 
